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SUMMARY 
In this investigation, :-x study was made of the effect of chemical 
wetting agents on the strength of residual soils when com: .cted at a 
constant moisture content and completive effort with different percent-
ages of wetting agents added to the compaction water= 
The soil used, in this investigation was a reddish brown, well 
graded micaceous silty s-nd from the Atlanta area., The soil classifi-
cation^ according to the unified system, is SM<, 
The chemicals used were all commercially available„ 
The method of evaluating the chemical effect was to compact the 
soil with "standard iroctor" effort using percentages of surfactant 
admixture of 0»25, 3-5-d r-^.i; 1-0, 2,0 and 3-0 percent of total soil 
moistureo The treated samples were tested in triaxial compression and 
the strength were compare':: with those obtained from untreated, samples , 
Test results for the two categories of admixture-- testae. 
(anionic, and nonionie) showed that it is difficult to establish a 
definite relationship between the strength of the treated soil and the 
percentages of chemicals used; however, it was observed that increases 
in percentages of admixture of all surfactants caused an increase in 
apparent cohesion of the soil.. The largest increase in apparent cohe-
sion of the s^il occurred at a percentage of admixture of ore rercento 
Increase in percentages of admixture :->bove one percent caused a decrease 
in apparent cohesion compared to the maximum for all cases. 
Increase in percentages of admixture up to 1,5 percent caused a 
*1 
decrease in the apparent angle of internal friction compared, to value 
obtained for the untreated soil. The largest decrease in the angle of 
internal friction occurred between 1.0 and 1.5 percent admixture for all 
cases. Increase in percentages of admixture above 1.5 caused increase 
in the angle of internal friction for both types of chemical used. For 
3°0 percent admixture the angle of internal friction obtained was close 
to that of the untreated soil for all cases. 
Very small changes were observed in the pore water pressure with 
increases in percent of admixture; but it was observed that the pore 





Soil stabilization Involves any physical, physico-chemical, 
and chemical method employed to improve the engineering properties of 
soils. 
Today, soil stabiliztion has become an important factor in 
construction in which soils are treated to improve the properties of 
the foundation material, so that it can carry the applied loads. 
Three main factors must be considered in soil stabilization: 
(1) Study of the soil properties and required improvement of 
these properties. 
(2) Choice of available materials and methods to improve 
these properties. 
(3) Economic considerations. 
Wetting agents are a group of compounds within the class of 
"surface active agents". A wetting agent is a meterial that reduces 
the surface tension of the water. 
Two types of chemicals were used in this research: 
(l) Anionic, Those yielding, in solution, surface-active ions 
bearing a negative charge. 
+ 
R-COO" + N(C2H, 0H)3 
(Fatty acid soap) 
(2) NonioniCo Those which do not ionize in solution0 
R-COO (C2H^0)H 
(Fatty acid polyglycol ester) 
Surfactant effectiveness is a function of solubility of the 
surfactant in the water. Nonionic surfactants show hydrophilic pro-
perties through the presence of ether-oxygen type groups that are 
capable of hydrogen bonding with water. Anionic surfactants are 
water-soluble because of the innate polar structure of the molecule. 
Previous Studies 
During the last 15 years the use of chemical products as wet-
ting agents has increased remarkably. These products have been used 
in textiles, cosmetic industries, and as laundry agents due to their 
surface tension properties. The use of these surfactant agents has 
been extended to soil, and so far, the results obtained show good 
possibilities for stabilizing soils using these products. Although 
there is a considerable amount of literature concerning chemical 
stabilization, most of it has been done on unconfined strengths and 
CBR values. The only tests available showing the effect of chemicals 
on the effective stress parameters.were conducted at the Massachusetts 
Institute of Technology, (l)* and the results can be summarized as 
follows: 
(l) Massachusetts clayey silt (M-2l) treated with 5 percent 
lime had a higher cohesion intercept C. The lime did not have any eff 
* Numbers in parentheses refer to numbers in the bibliography. 
3 
on the angle of internal friction. 
[2) The same soil plus 3 percent cement had a higher friction angle 
0 as well as cohesion intercept Co 
Effect of curing time showed the following; 
The friction angle p remains constant with curing time. 
Higher envelopes were obtained for prolonged curing times due to 
an increase in the cohesion intercept. 
Research concerning the effect of chemical agents was conducted by 
J. M. Hoover, D. T. Davidson and J. V. Roegiers at Iowa State University 
(2). The research consisted of a miniature triexial shear testing on a 
quaternary ammonium chloride stabilized loess., which showed that the 
friction angle tends to decrease with increasing chemical concentration: 
unfortunately no data was available in the report. 
Although most of the research concerning stabilization is net re-
lated to the triaxial compression test, it is worthwhile to mention It, 
because it shows the influence of chemical agents on the other properties 
of soils 0 
Research conducted by D, To Davidson at Iowa State University of 
Science and Technology (3) to find the effect of six organic cations on 
plastic,.limit, liquid limit, shrinkage limit, air ;dhy" strength , and rate of 
slaking of a highly plastic clay resulted in the following 1 
(1) Plasticity index was reduced. 
(2) Shrinkage limit was reduced. 
(3) Air dry strength was lowered. 
{k-) Surface tension was reduced. 
(5) Swelling was reduced. 
k 
(6) Moisture absorption was reduced. 
R. Co Mainfort [K) working with sodium silicate found that it is 
possible to get good, bonding of sandy soil using 6 percent or more by 
weight, but the treatment does not withstand attack by moisture. 
T. William Lambe and Alan S. Michaels {5) found that calcium 
hydroxide used in amounts of 2 percent to 10 percent of the soil weight 
reduced plasticity and increased, strength in granular soils. The same 
paper mentions that Anilin Furfural has been used to strengthen beach 
sand and certain types of fine grained soils. 
Finally, research conducted "by R. L, Nicholls and B. T, Davidson 
(6) showed that it was possible to cement Boil particles with polymers. 
High polymers increase the air dry strength of soils„ They found that 
bond action apparently depends upon both air water interfaces and the 
cementing action of the polymer. 
The information mentioned above and some more cited in the 




MATERIALS AND TEST EQUIPMENT 
Soil 
The soil used for this study is typical of that encountered in 
airfield and roadbuilding construction. The soil used was a reddish 
drown well graded micaceous silty sand from the Atlanta area. A des-
cription of the soil is given in Table 1 with the grain size distribu-
tion shown in Figure 1. X-ray analysis appears in Figure 2. 
Admixtures 
The chemicals used are all commercially available. The product 
name, ionic type, chemical type, manufacturer and data on the chemical.s 
used are shown in Table 2° 
The admixtures can be divided into two groups; 
(1) Nonionic 
(2) Anionic 
Within the group of nonionic surface active agents, two chemicals 
were used.: Tergitol TP~9? an<3- Polytergent LF-AG5 ° Tergitol T.P-9 is a 
nonylphenol chemical, type- This chemical has inverse water solubility0 
It is more soluble in cold water than in hot water., As heat is applied 
to a clear system_? the solution will become cloudy at a certain tempera-
ture o This temperature^ called "cloud point", is a measure of the 
solubility characteristic of the surfactant. Maximum efficiency Is 
obtained just below the cloud point, 
Table 1, Soil. De 
Location" Atlanta Area 
Grain Sieve Analysis 
Sieve No. k 
Sieve No. 10 
Sieve No. 2.0 
Sieve No. *f0 
Sieve No. 80 
Sieve No. 100 


































u.S. Standard Sieve Ope-1: :iL
r, 
in Inches k 
100 50 10 
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Figure 2. X-Ray Analysis 
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Type Chemi cal_Type Manufacturer Remarks 
Nonionic 
Nonionic 
Nonyl Phenyl Polyethylene Union 























Tergitol TP~9 gives rapid wetting and penetration action in elec-
trolytes, hut its action may he influenced hy the presence cf dissolved 
saltso 
Polytergent LF-4-05 is a linear alcohol alkoxylates designed 
specifically for low-foaming application,, such as mechanical dishwashing, 
metal cleaning, pulp and paper additives and dairy equipment cleaningo 
The linear alcohol configuration promotes rapid hiodegradation. It is 
compatihle with anionic, cationic, and other nonionic surfactants« 
Within the group of anionic surfactants, two chemicals were used: 
Alkanol B and Nacconol Beads, 
Alkanol B is a specialty product for rapid wetting and dispersing 
where excessive foaming or an electrolyte is undes.irah.le and detergency 
is unnecessary. It is used in a wide variety of processes involving 
hleaching and dyeing of textiles, leather and paper. It has good re-
wetting properties for paper and paper mill felts, reduces shrinkage 
in ceramics manufacture, and. is an important processing aid in manufac-
ture of dry colors. 
Nacconol heads surfactant is an alkly aryl sulfonate produced 
from henzene and. selected petroleum fractions» It has excellent solu-
bility in water and other neutral solvents;, and it is highly efficient 
and stable even under adverse conditions such as hard water, sea water, 
hot water, strong alkalis, acids,, oxidizing and reducing agents. 
Water 
The water used in the compaction of the test samples was tap 
water from the soils laboratory„ The impurities present in the water 
11 
were assumed to have stight effect on the results. Water analyses are 
given in Table 3> 
Test Equipment 
The moisture density test was run using the "Standard Proctor" 
compaction equipment consisting of a mold 1/30 cubic foot volume and a 
5»5 pound compacting hammer falling 12 inches with the soil compacted in 
three layers with 25 blows on each layer. From this test, the maximum 
dry density and the optimum water content were determined. See 
Figure 3° 
The samples to be tested in triaxial compression were prepared 
using a miniature mold, 1/kOO cubic foot in volume, 30 inches high 
and lo5 cm in diameter<, The compaction energy was applied using 3 
hydraulic-loading machine previously calibrated to determine the load 
corresponding to the maximum compactive effort. The calibration curve 
for the machine is shown in Figure k-° 
Pore water pressure was recorded for all tests using a type L 
Baldwin strain indicator with AC power supply. The pore water cell used. 
was a Dynisco with 100 psi capacity- In Figure 5 is shown the calibra-
tion curve for the pore water pressure apparatus, 
The load applied on the sample to be tested in triaxial compression 
was recorded using a 2000 pound capacity, RS-4-type load, cell coupled 
with a load indicator, 
12 
Table 3. Mineral Analysis of Tap Water 
Constituent P„P0M, 
Silica (8-LO ) 9*5 
Chloring Residual 1,2 
Carbon Dioxide (GO ) OoOO 
Dissolved Solids (Conductivity) 30«00 
Haidness (C CO ) 22,00 
a 3 
Iron (Fe) 0=02 
Sulphates (SOjJ i+„00 
Alumina (Al) 0,05 
Chloride (Cl) h.00 
Calcium [Ca) 7c 1 
Magnesium (Mg) 1.0 
Manganese (Mn) 0o02 
Carbonate (CO ) 3.6 
Bicarbonate (HCO ) 12.2 
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Figure 3- Standard Proctor Moisture-Density Curve 
Soil Alone without Admixture 
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Figure k-. Dry Density vs Load Calibration Curve 
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The basic testing program consisted in measuring the change in 
strength of samples of soil compacted at a specified moisture content 
and dry density with water treated with the various admixtures. Some 
of the desirable features in this testing program were: 
(1) A standard size sample and method of compaction. 
(2) A constant density and water content, 
(3) Evaluation by comparing the strength of the treated soil 
to the strength of the untreated soil. 
Three samples of soil 3 inches high by 1,5 inches in diameter 
were tested in the triaxial apparatus for every percentage of chemical 
used. The all around pressures selected were -̂5 <j 60 and 75 psi - The 
rate of strain used was 0-̂ 5 inches per minute. The load applied to the 
soil sample varied from 0 to its maximum value in about 5 minutes. 
Recording of pore water pressure was done for all the tests using 
a strain indicator. 
A oack pressure of 30 psi was applied to the samples for a period 
of approximately 3 minutes, and the pore water pressure obtained was 
recorded as initial reading. 
Preparation of Soil and Mixing 
The soil was air dried to a uniform moisture content and sieved 
I7 
through a No. k sieve with only the material passing being use! in the test. 
The initial moisture content of the soil was approximately 1„5 percent. 
Mixing was lone by hand to ensure a. uniform moisture content. 
Preparation cf Soil. Samples 
The samples were prepared after mixing the soil and the chemical 
using a miniature mold and applying a static load corresponding to the 
"Standard Proctor Effort". See Figure k, 
Establishment of a Standard for Comparison 
The standard for compaction was defined as the maximum compactive 
effort obta ined from the proctor stand.ard test^ (ASTM D-698) and the 
water content corresponding to that value. 
In order to define a standard for comparison., a set of six samples 
was prepared and then tested in triaxial compression to determine the 
angle of internal friction, and cohesion intercept for the untreated soil 
(Figures 6-12). 
With these tests, :Tie standard for the testing program was defined, 
and the values found were: 
{!) From the proctor standard test 
A. Maximum dry density - 111 pcf 
B. Optimum moisture - 17-5 1° 
(2) From the triaxial compression tests 
A. Apparent cohesion intercept in terms of effective 
stresses. C = 1.3 psi 
B. Apparent angle Of internal, friction in terms of effective 
stresses. 0=28.5 
18 
Axial strain in 
Figure 6. Driaxial Compression Tes>. for Soil without 
Admixture. All around Pressure: 38 psi 
19 
Axial strain in °jo 
Figure 7- iriaxial Compression Test for Soil without Admixture 
All around Pressure: h-5 psi 
20 
Axial 
Figure 3. Triaxial Compression Test i'or Toil wit"out Admixture 









Axial strain in °jo 
Figure 9- Trlaxial Compression Test for Soil without Admixture 








Axial strain in 
Figure 10. Triaxial Compression Test i 
All around Pressure: 66 psi 










Axial strain in % 
Figure 11. Triaxial Compression Test for Soil without Admi: 
All around Pressure: 75 psi 
Effective normal stress; a in psi 




Preparation of Chemicals 
Special handling and preparation of the chemicals was not require:1 
The chemical required to give the percent solution of moisture was added 
to the water before mixing the water with the soil. The water and the 
chemical, were mixed, for one minute, in a Hamilton Beach Model J3 Mixer5 
and then added to the s Ol.L o 
An explanation of why only one minute was used as mixing time is 
given by the next table. 
Table K. Wetting Time in Distilled Water at 25 C<-
Product Content in fo Wetting Time in Sec. 
Poly-
Tergent IP k05 
Nacconol Beads 
TP~9 No information 
Alkonol B No information 
Amount of Admixture 
The amount of chemical to be added to the soil was based on the 
total moisture that would be required for the optimum water content ob-
tained for the soil, without admixture, For clarity, an example is shown 
below: 
Weight of air--dry soil =5 lb . 

















105° C. Oven - Dry weight of soil -^.93 ID. 
Water required to produce 17*5$ 
M/c = if.93 x C.17^ x ̂ 5if gms/lb = 391 gr. 
Chemical required for 1$ solution in soil 
moisture 39- x 001 = 3-91 Sr< 
Thus, the percentages of chemical used are referred to percentages 
of the total soil, moisture, and not to the soil solids. 
Control of Moisture Content 
Water content tests were performed for each sample,, after testing 
in triaxial. compression, If the actual, moisture did not vary more than 
one percent above or below the standard value? it was considered 
acceptable, 
Water content control was difficult because the samples tested 
in the triaxial apparatus soaked water when the back pressure was applied, 
Selection of Percent; Solutions to be Used 
Data furnished by the manufacturers did not provide any infor-
mation concerning concentrations» 
Ho Go Shirley {"•\ cond" cting research at Georgia Tech in I.965̂  
with these chemicals found that percentages above 3 percent produced 
insignificant changes in the dry density„ Therefore the chemicals for 
this research were used in solutions ranging from 0-3 percent« The 
test increments were 0.25; 0.50,, 0*75;? 1-0 and 3-0 percent by weight of 
water required for the maximum density. 
Pore Water Pressure Fa,ramet_ers_A__and_E 
(l) Pore water pressure parameter A^, 
27 
The pore water pressure parameter A was determined for each one 
of the all around pressures and percentages of admixture. The values are 
given in Table 5 <• 
(2) Pore water pressure parameter B. 
When the samples are 100 percent saturated, the value of the 
pore water pressure parameter B should be 1. The values obtained are 
given in Table 6. 
To determine the pore water pressure parameter B; two tests were 
run (Figures 13 and Ik) on two samples prepared with the maximum dry 
density and optimum water content, The first test callei. Metho^ I was 
conducted according to the following procedure. 
(1) CJ'3 and back pressure were increased at the same time to 3r' 
psi. This value was the one taken as reference to measure pore water 
pressure 0 
(2) 03 was increased to ^5 psi. This value corresponded to the 
lowest chamber pressure used in the testing program<• 
(3) Consolidation was allowed for 15 minutes. This was roughly 
the time elapsed before starting the test. 
{k) Pore water pressure was noted before and after consolidation. 
(5) a3 was increased in 5 psi increments up to 80 psi and. the 
corresponding pore water pressure recorded. 
The second test,, called Method. Hi was run according to the 
following procedure 1 
(l) or3 increased from Q to 4-5 psi and then the back, pressure, 
to 30 psi. 
{2.) Consolidation was allowed for 15 minutes, 
'able 5= Pore Water Pressure Parameter 
Product 
Name 










1.5 2,0 3,0 
Type Parameter % 
Nonionic h5 -0,107 -0,07 -0,08 »-03Q5 =0.13 -0.11 -0.07 
60 -0, 07 =o,07 »0,05 -0.06 =•0,03 =0,07 =0,0.3 
75 -0^05 0,02 -0.02 =.- -0-01 =0,04 -0,02 
Poiytergent 
IF ^05 Nonionic h3 =0,13 -0,12 -0,09 
60 =0,16 =0,06 -0,05 
75 4-0.0] =0,05 -0,03 
Alkanol B Anionic h- -0.01 -0,16 -0,07 =0,06 
60 -0.06 -0.07 -0,02 -0.06 
75 -0,03 -0,03 =0,06 =0,05 
0,09 -0.08 
0,09 -0,06 
0 • 0.3 -0,01 




Beads Anionic ^5 -0.11 -0.11 -0.11 -0,1.1 
60 -0,07 -0,06 -0,05 -o , 05 
75 -0,03 -O.Oif -0 ,03 =0.01 
•0 ,10 
•0 .04 
• 0 o 0 : : 
=0,07 
=0,04 
= 0 „ O P 
Table 6, Pore Water Pressure Parameter B 
Method I Method II 
\ u B ACT 3 Au B 
?. 0 . 4 5 =2 -0 .4 
3^5 0 /7 5 0 . 5 0 .1 
4-5 0-9 5 i 0.2 
4 0 . 8 c: 1.5 0 . 7 
3 0 . 6 c J l 0 . 2 
3 0 . 6 5 1.5 0 . 3 
2 0 . 7 7 1.5 0 . 2 




Figure 13. Pore Water Pressure vs ACT 3 ) Method I 
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ACT3 in p s i 
F i g u r e 1 ^ - . -••••• ss ire ' s ACT 3, Method I I 
' - • 
(3) Pore water pressure was recorded„ 
(k) 0"3 was increased in 5 psi up to 85 psi and the pore water 
pressure recorded. 
CHAPTER IV 
REPRESENTATION AND EVALUATION OF TEST RESULTS 
General 
For many years, the effective stress in soil has been defined 
by the equations 
(J = <T- U (l) 
where O" effective stress 
CT total stress 
u pore water pressure 
For saturated clays., it has "been shown that shear strength and 
consclidation characteristics depend on the effective stress determined 
in this way. In partially saturated soils, however, different pressure? 
will exist In the pore air and pore water phases« Consideration of this 
fact led Bishop (8) to propose another equation to compute the effective 
stresses in partially saturated soils„ This equation is: 
a = <J~ U + X (u - u ) 
a a a 
where U pore air pressure 
a 
u pore water pressure w ^ ^ 
X empirical constant which will, vary with degree of saturation 
However, for the purpose of this research, the evaluation of test 
results will be done assuming that the effective stress Is given by 
Equation L 
34 
Graphical Representation of Results 
A strain vs. crl, 0"3.? (CJ1-CJ3) and u curves were plotted for each 
all around pressure., and then the Mohr stress circles were drawn to deter-
mine the apparent cohesion and angle of internal friction0 
Admixture - Apparent Cohesion 
An admixture - apparent cohesion curve was plotted for the soil 
with the test increments of admixture used in the testing program. 
Admixture - Apparent Angle of Internal Friction 
An admixtire •• apparent angle of internal friction curve was 
plotted for the soil, to study the effect of different percentages of 
admixture on the angle of internal friction, 
Admixture - Strength 
(ol - 0"3 1 
To determine the effect of admixture on the strength, •—; _ov ' 
(cr3)f 
was plotted versus percent admixture for every charmber pressure. This 
relation was chosen "because soils appear to conform to a Mohr-Coulomb 
failure criterion, 
Test Results 
In figures 15? l6, 17 and 18 are shown the results representing 
the strength of the soil versus percent admixture. All test results 
^ [&1 - o"3)f . . , . . , „ , . . show same changes of -*-— ~-s~ with increasing percentages of admixture. 
(53 )f 
These changes vary with the all around pressure, o"3° 
The effect of the chemical, on the soil seems to he very small 
assuming that these agents do not change optimum moisture and maximum 
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changes at conditions other than optimum moisture and maximum density. 
The effect of chemical on the shear strength parameters will he 
discussed separately« 
The results obtained for the apparent cohesion intercept with in-
creasing percentages of admixture seem more , iderstandable than those 
obtained for the strength. Evaluation of Figure 19 shows that the 
apparent cohesion increases with increasing percentages of admixture,, 
Tergitol TP-9• The maximum value is \C percent higher then that corres-
ponding to the untreated soil, and. it occurs for a percent admixture of 
1.1 percent,. Further increase in the chemical concentration produces 
a decrease from the maximum in the apparent cohesion. For 3 percent 
admixture, the value is 27 percent higher th > a that for the untreated 
soil, and the slope of the cur :e indicates that further increase in 
chemical concentration decreases the apparent cohesion intercept. 
Figure 2.0 shows that increasing percent admixture of polytergent 
LF=J+05 produces an increase in the apparent cjhesion. The maximum value 
occurred at 1.2 percent concentration, and is ^8 percent higher than that 
for the untreated soil. Further increase in chemical concentration pro-
duced a decrease from the maximum in apparent cohesion. The correspondin 
value for 3 percent concentration resulted 31 percent lower than that 
for the untreated soil and the slope of the curve indicates that lower 
values may occur for greater chemical concentration, 
Evaluation of Figure 21 shows that increasing percent admixture 
of alkonol B between 0 and 1 percent causes increases in the apparent 
cohesion. The maximum value corresponds to 1 percent admixture and it 
is 100 percent higher than that for the untreated soil. Percentages 
0 O.k 0.8 1.2 1.6 2.0 2.4 2.8 
Percent Admixture "by Weight of Total Moisture Content 
Figure 19. Relationship of Apparent Cohesion and Admixture Tergitol TP-9 
:: 
0.^ 0.8 1.2 1.6 2.0 2 
Percent Admixture by Weight of Total Moisture Content 
Figure 20. Relations! ip of Apparent Cohesion and Admixture Folytergent LF-405 
•r-
OA 0.8 1.: 1.6 2.0 2.k 
Percent Admixture by Weight of Total Moisture Content 
Figure 21. Relationship of Apparent Cohesion and Admixture Alkanol B 
-;-
3̂ 
a"bOA/e 1 percent produce a decrease from the maximum in the apparent 
cohesion. The lowest value recorded corresponded to 3 percent concentra-
tion, being 27 percent higher than that for the untreated soil-
Figure 22 shows that the apparent cohesion is increased for per-
centages of admixture nacconol "beads ranging between 0 and 1.0 percent. 
The maximum value corresponds to 1 percent admixture-, resulted in 59 
percent higher cohesion that that for the untreated soil. Further in-
creases in chemical concentration indicates that the cohesion is lowered,, 
compared to the maximum, The lowest value recorded corresponded to 3 
percent admixture and is only 15 percent higher than that for the 
untreated soilo 
Evaluation of Figures 19, 20} 21 and 2.2 indicates that the 
greatest effect on the cohesion is produced ly the chemicals of the snionic 
groupo These chemicals are water soluble and when added, to the soil re-
duce the surface tension of the water soil structure. The effect of the 
chemical seems to decrease the electrostatic repulsive forces., or to 
act as molecular bridges between particles,, thus facilitating Inter-
particle true attraction or cohesion. 
Evaluation of Figures 23., 2.4-̂  2.5 and 2.6 shows that the apparent 
angle of internal friction decreases with increasing percentages of 
admixture up to 1.5 percent. The minimum values occurred at percent of 
admixture ranging between 1„0 and lo5» As the percentage of admixture 
was increased beyond. 1»5 percent, tne apparent angle of internal, friction 
increased̂ , and for a 3-0 percent admixture the apparent angle of internal 
friction was approximately equal to that of the untreated soil. 
O.k 0.8 1.2 1.6 2.0 
Percent Admixture by Weight of Total Moisture Content 
2,4 2.8 
Figure 22. Relationship of Apparent Cohesion and Admixture Nacconol Beads 
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Figure 23- Relationship of Apparent Angle of Internal Friction and 
Admixture Tergitol TP-9 
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Figure 2k, Relationship of Apparent Angle of Internal Friction and Admixture 
Polytergent LF-^05 
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Percent Admixture by Total Weight of Moisture Content 
Figure 25. Relationship of Apparent Angle of Internal Friction and 
Admixture Alkanol B. 
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figure 26. Relationship of Apparent Angle of Internal Friction and 




Fore Water Pressure 
Evaluation of all the graphs obtained for the pore water pressure 
shows it decreased during the test. This behavior is typical of overcon-
solidated, or compacted cohe-ive soils, and can be explained by the soil 
structure theory. At the beginning of the test^ the voids are partially 
filled with water, and the pore pressure is slightly negative due to 
capillary tension, Only limited literature is available to explain the 
behavior of partly saturated soils, and the factors that govern the pore 
water pressure are not completely known. 
Pore Water Pressure - Percent Admixture 
Evaluation of figures 271 2.8, 29 and 30 shows small changes in 
pore water pressure for increasing percentages of admixture. These 
changes vary with the all around pressure o~3° Discrepancies in the re-
sults are difficult to explain because the tests were performed under 
different conditions, 
In general, the two chemicals belonging to the nomonic group 
(Tergitol TP-Q and Polytergent LF-405) present similar results. The pore 
water pressure increases between 0 and one percent admixture then de-
creases between 1 and 2 percent and finally it increases again between 2 
and 3 percent admixture« The behavior of the soil is typical, of over-
consolidated or compacted cohesive soils, and with the information ob-
tained^ the effect of the chemical on the pore water pressure could not 
be determinedo 
The results for the two chemicals of the anionic group do not 
follow the same path. The behavior of the soil, treated with alkanol B 
10-1 
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Figure 27- Relationship of Pore Water rressure and Admixture Tergifol TP-9 
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seems to follow the same path of that obtained from nonionic chemicals, 
but discrepancies in the results make is difficult to establish this 
relationship, 
In the soil, samples treated with nacconolu Beads? the Tore water 
pressure increases with increases in chemical concentration, The 
effect seems to be greater for low overconsolidation ratios» 
Fore Water Pressure ?ar_ameter B 
The two tests to determine the pore water pressure parameter 3 
were explained in the procedure. The procedure followed in Method II 
fits better with that followed, during the testing program, The results 
of these tests are shown In Figures 13 and lh° It should be pointer1 out 
that this value is not representative for all the tests because the 
conditions during the testing program varied in a wide rangeo Table 6 
shows the values obtained for both tests. 
Pore Water Pressure Parameter Ap 
In table 5 can be found the values obtained for the pore water 
pressure parameter Ar,,, It is difficult to define a relationship between 
A_p and percentages of admixture used,, due to discrepancies in the 
results = 
It was found that the pore water pressure parameter A„ decreases 
when the overconsolidation pressure is increased. This agrees with 




The following conclusions can be obtained from the research; 
(0~1 _ (j^)-p 
(1) The ratio., • ' —.———- varied only slightly with increasing 
(o-3)f 
percentages of admixture for all admixtures., 
(2) The pore water pressure varied, only slightly with increasing 
percentages of admixtures for all admixtures« 
(3) An increase in apparent cohesion was obtained for all ad° 
mixtures. The maximum effect was produced by the surfactants belonging 
to the anionic type-
A. The maximum increase in apparent cohesion resulted for 
percentages of admixture of 1,0 percent., 
B. Higher percentages of admixture caused a diminishing 
rate of increase in cohesion. 
(4) The apparent angle of internal friction was affected by the 
addition of all surfactants ŝed,. 
A. The apparent angle of internal friction decrease for 
percentages of admixture between 0 and 1.5 percent. 
Bo Percentages of admixture higher than I.5 percent 
increased the apparent angle of internal friction. 
CHAPTER VI 
RECOMMENDATIONS 
From this research, several recommendations can he suggested 
for further study. These are: 
(1) An evaluation of the effect of surface active agents at 
different moisture contents. 
(2) A determination of the effect of surfactants with curing 
on the effective stresses. 
(3) An evaluation of the .i.ong term strength for soi-- tre • te" 
with surface active agents. 
(k) A study of the effect of surfactants on the permeability 
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Figure >] . T r i a x i a l Compression Test,, Admixture: T e r g i t o l IP-9 , 
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Figure 32. Triaxial Compression Test 
Admixture: Tergitol TP-9 
Percent Admixture: 0.25 
All around Pressure: 6o psi 
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Figure 33- Trlaxial Compression 'Test 
Admixture: Tergitol JP-9 
Pe rcent Adinixi ure : 0.25 
All around Pressure: 75 psi 
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Figure 34. Mohr Circles 
Admixture: l e r g i t o l .F-9 







?î .;re 35- Triaxial Compression Test 
Admixture: Tergitol TP-9 
Percent Admixture: 0.5 
All around Pressure: k$ ps 
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Axial strain in 
Figure ^>b. Triaxial Compression Pest 
Admixture: Tergitol TP-9 
Percent Admixture: 0-5 
All around Pressure: 60 psi 
Gr 
Axial strain in 
Figure 37- Iriaxial Compression ^est 
AdnixLure: Tergitol TP-9 
Percent Admixture: 0-5 
All round Pressure: 75 Psi 
T r 
100 120 ikO 
Effective normal stress, "a in psi 
Figure 38. MoLr Circles 
Admixture: Tergitol TP-9 




Axial strain In 
Figure 39• Triaxial Compression Test 
Admixture: Tergitol TP-9 
Percent Admixture: 0.75 
All around Pressure: 4 5 psi 
67 
Axial strain in 
•"'if-;..re ̂ 0. Triaxial Compression Test 
Admixture: Tergitol TP-9 
Percent Admixture: 0.75 
All around Pressure: 6o psi 
6£ 
160 
Axial strain in 
Figure kl. Triaxial Compression Test 
Admixture: ?ergitol TT-9 
Percent Admixture: 0.75 






Effective normal stress c in psi 
Figure k2. Mohr Circles 
Admixture: Tergitol TP-9 




Ax i a 1 s t r a i n i n 
Figure 4-3 > Triaxial Compression Test 
Admixture: Tergitol Tp-Q 
Perce::*: Admixture: 1.0 
All around Pressure: 4-5 psi 
' ; . : • 
Axial s t r a i n in °fa 
Figure kh. Triaxial Compression Test 
Admixture: TergiT-ol TP-9 
Percent Admixture: 1.0 
All around Pressure: 60 psi 
10 J1-0 CO 80 100 
Effective normal stressj o~ in psi 
Figure 45. Mohr Circles 
Admixture: Tergitol TP-9 












Axial strain in $ 
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Figure 4-6. Triaxial Compression Test 
Admixture: Tergitol TP-9 
Percent Admixture: 1.5 
All around Pressure: 4-5 Psi 
r-
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Figure h'J. Triaxial Compression Test 
Admixture: Tergitol TP-9 
Percent Admixture: 1.5 
All around Pressure: 60 psi 
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Figure 48. Triaxial Compression Test 
Admixture: Tergitol TP-9 
Percent Admixture: 1.5 
All around Pressure: 75 P̂ i 
T i r 
80 100 120 iko 
Effective normal stressj a in psi 
Figure k-9 • Mohr Circles 
Admixture: Tergitol IP-9 





Axial strain in % 
•\, ire '~>0. Triaxial Compression Test 
Admixture: Tergitol TP-9 
Perce -imixlure: 2.0 
All around Pressure: k-5 psi 
T 1 1 1 1 1 r 
Q 2 k < 8 10 L2 
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Figure 51. Triaxial Compression Test 
Admixture: Tergitol TP-9 
Percent Admixture: 2.0 
All around Pressure: 60 psi 
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Figure cj'2. .'ri axial Compression Test 
Admixture: Tergitol TP-9 
Percent Admixture: 2.0 
All around Pres.su re : 75 Psi 
T 1 1 r 
SO 100 120 ihQ 
Effective normal stress, a in psi 
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Figure >'; . Triaxiai Compression Pest 
Admixua'- : Tergitol TP-9 
mixture: 3*0 
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Figure 58. Triaxial Compression Test 
Admixture: Polytergent LF-405 
Percent Admixture: 0.2> 








Figure 59. Triaxial Compression Test 
Admixture: Polytergent LF-4-05 
Percent Admixture: 0.2S 









Axial strain in 
Figure 60. Triaxial Compression Pest 
Admixture: Polytergent LF-^05 
Percent Admixture I 0.25 
All around. Pressure: 75 psi 
T 
120 1̂ 0 
Effective normal stress, a in psi 
l6o 180 
Figure 6l. Mohr Circles 
Admixture: Polylergont LF-405 





Axial strain in 
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ire 52. Triaxial Compress 
Admixture: Polyt - LF-1+05 
Percent Admixture: 0.5 
All aroun L Press ire: k-5 
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Figure 63. Triaxial Compression Test 
Admixture: Polytergent LF-̂ -05 
P e r c e n t Adrn i x t u r e : 0-5 
All around Pressure: 60 psi 
91 
Figure 6k. Triaxial Compression Teat. 
Admixture: Polytergent LF-k-05 
Percent Admixture: 0.5 
All around Pressure: 75 psi 
Effec t ive normal s t r e s s , o~ in ps i 
Figure (r>5. Mohr C i r c l e s 
Admixture: "Folytergent LF-kQ^ 




Axial s t ra i l 
Figure 66. Triaxial Compression lest 
Admixture: Polytergent LF-405 
All around Pressure: -̂5 psi 
9k 
Axial strain in % 
Figure uf. Triaxial Compression Test 
Admixture: Polytergent LF-̂ -05 
Percent Admixture: 1.0 
All around Pressure: 60 psi 
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Figure 68. Triaxiai Compression Test 
Adiaixtiire: Polytergent LF-^05 
i'ercerro Admixture: 1.0 . 
All around Pressure: 75 psi 
80 100 120 140 
Effective normal stress, ~ in psi 
160 180 
Figure 69. Mohr Circles 
Admixture: Polytergenl LF-405 







Axial strain in \ 
Figure 70. Triaxial Compression Tes*: 
Admixture: Polytergent LF-̂ -05 
Percent Admixture: 2.0 
All around Pressure: k-5 psi 
-
Axial strain in % 
Figure 71. Triaxial Compression Test 
Admixture: Polytergent LF-^05 
Percent Admix Cure: 2.0 
All around Pressure: 60 psi 
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Figure 72- Triaxial Compression Test 
Admixture: Polytergent, LF-̂ -05 
Percent, Admixture: 2.0 
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Figure 73- i-fohr Circles 
Admixture: Polytergent LF-^05 
Percent Admixture: 2.0 
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Figure r(K. Triaxial Compression Test 
Admixture: olyterger LB1-
Percei ..t . ulmixture : 3 •[ '• 
All are,.,id Pressure: i > pi 
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Figure 75- Triaxial Compression Test 
Admixture: Polytergent LF-̂ -05 
Percent Admixture: 3-0 












Figure "J6. Triaxial Compression Test 
Admixture: Polytergent LF-405 
Percent Admixture: 3-0 
All around Pressure: 75 psi 
hO 60 SO 100 120 
Effective normal stress, cr in psi 
Figure 77- Mohr Circles 
Admixture: Polytergent LF-4-05 





Figure 78. Triaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 0.25 
All around Pressure: h-5 psi 
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Figure 79- Triaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 0.25 
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Figure 80. Triaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 0.25 
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Figure 8l. Mohr Circles 
Admixture: Alkanol B 









Axial strain in 
Figure 82. Triaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 0-5 









Figure 83- Triaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 0.5 
All around Pressure: 6o psi 
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Figure 84. Triaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 0-5 
All around Pressure: 75 Psi 
20 ~>-
Effective normal stress, o in psi 
Figure 85. Mohr Circles 
Admixture: Alkanol B 
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Figure 86. T'riaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 0.75 
All around Pressure: k-5 psi 
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Figure 87- Triaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 0-75 
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Figure 88. Triaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 0-75 
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Figure 89- Mohr Circles 
Admixture: Alkanol B 





Axial strain in $ 
Figure 90. Triaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 1.0 
All around Pressure: k^ psi 
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Figure $1. Triaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 1.0 
All around Pressure: 60 ps: 
119 
• I 1 • I I I 
o a k 6 8 10 12 
Axial strain in % 
Figure 92. Triaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 1.0 
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Figure 93- Mohr Circles 
Admixture: Alkanol B 
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Figure 9̂-- Triaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 2.0 
All around Pressure: ^5 Ps*-
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Figure 95- Triaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 2.0 
All around Pressure: 6o psi 
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Figure 96. Triaxi.al Compression Test 
Admixture: Alkanol B 
Percent Admixture: 2.0 
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Figure 97- Mohr Circles 
Admixture: Alkanol B 
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Figure 98- Triaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 3-0 
All around Pressure: k^ psi 
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Figure 99- Triaxial Compression Test 
Admixture: Alkanol B 
Percent Admixture: 3-0 
All around Pressure: 60 psi 
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Figure 100. Triaxial Compression Test 
Admixture Alkanol B 
Percent Admixture: 3-0 
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Figure 101. Mohr Circles 
Admixture: Alkanol B 
Percent Admixture: 3.0 
129 
0 2 ^ 6 8 10 12 
Axial strain in $ 
Figure 102. Triaxial Compression Pest 
Admixture: Kacconol Beads 
Percent Admixture: 0.25 
All around Pressure: k^ psi 
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Figure 103. Triaxial Compression Test 
Admixture: Nacconol Beads 
Percent Admixture: 0.25 
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Figure ±0h. Triaxial Compression Test 
Admixture: Nacconol Beads 
Percent Admixture: 0.25 
All around Pressure: 75 psi 
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Figure 105• Mohr Circles 
Admixture: Nacconol Beads 
Percent Admixture: 0.25 
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Figure 106. Triaxial Compression Tests 
Admixture: Nacconol Beads 
Percent Admixture: 0.5 
All around Pressure: 4 5 psi 
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Figure 107- Triaxial Compression Test 
Admixture: Nacconol Beads 
Percent Admixture: 0.^ 
All around Pressure: 6o psi 
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Figure 108. Triaxial Compression Test 
Admixture: Nacconol Beads 
Percent Admixture: 0.5 
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Figure 109• Mohr Circles 
Admixture: Hacconol Beads 
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Figure 110. Triaxial Compression Test 
Admixture: Nacconol Beads 
Percent Admixture: 0.75 
All around Pressure: h^ psi 
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Figure 111. Triaxial Compression Test 
Admixture: Nacconol Beads 
Percent Admixture: 0.75 
All around Pressure: 6o psi 
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Figure 112. Triaxial Compression Test 
Admixture: Nacconol Beads 
Percent Admixture: 0-75 
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Figure 113- Mohr Circles 
Admixture: Nacconol Beads 
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Figure 114. Triaxial Compression Test 
Admixture: Nacconol Beads 
Percent Admixture: 1.0 
All around Pressure: 45 psi 
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Figure 115• Triaxial Compression Test 
Admixture: Nacconol Beads 
Percent Admixture: 1.0 
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Figure ll6. Triaxial Compression Test 
Admixture: Nacconol Beads 
Percent Admixture: 1.0 




Effective normal siress; a in psi 
Figure 117- Mohr Circles 
Admixture: Nacconol Beads 
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Figure 118. Triaxial Compression Test 
Admixture: Nacconol Beads 
Percent Admixture: 2.0 
All around Pressure, 4 5 psi 
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Figure 119• Triaxial Compression Test 
Admixture: Nacconol Beads 
Percent Admixture: 2.0 
All around Pressure: 60 psi 
1^7 
Axial strain in fo 
Figure 120. Triaxial Compression lest 
Admixture: Nacconol Beads 
Percent A mixture: 2.0 
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Figure 121. Mohr Circles 











Figure 122. Triaxial Compression Test 
Admixture: Nacconol Beads 
Percent Admixture: 3-0 
All around Pressure: k-5 psi 
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Figure 123- Triaxial Compression Test 
Admixture: Nacconol Beads 
Percent Admixture: 3*0 
All around Pressure: 6o psi 
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Figure 12^. Triaxial Compression Test 
Admixture: Nacconol Beads 
Percent Admixture: 3-0 
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Figure 125- Mohr Circles 
Admixture: Nacconol Beads 
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